Refolded and purified proteins were extensively studied for structure, the ability to bind to sialic acid-containing receptors, antigenicity, immunogenicity and efficacy. The results from these studies contradict the view that glycosylation determines the correct structure of the hemagglutinin, as they proved that bacterial HAs can be valuable vaccine antigens when appropriate folding and purification methods are applied to rationally designed proteins. The best evidence for success in bacterial production of protective HA is that vaccines based on proprietary Toll-like Receptor (VaxInnate) and bacteriophage Qβ-VLPs (Cytos Biotechnology) technologies have been advanced to clinical studies.
INTRODUCTION
Research on subunit vaccines against influenza responds to the demand for technology that would allow the efficient production of the vaccine in a relatively short time, contrary to the traditional egg-or cell culture-based manufacturing (Osterholm et al., 2012) . The availability of such technology would be useful for seasonal vaccine production, especially as vaccine antigens need to be matched to circulating strains of influenza virus on an annual basis. This is of special importance in case of a pandemic flu threat, as was highlighted by the emergence of the 2009 H1N1 swine influenza virus pandemic (H1N1pdm09). Currently, the highly pathogenic avian influenza virus (HPAIV) H5N1 poses a permanent pandemic threat as there is still a risk that the virus will acquire the ability of direct transmission between humans. Moreover, emerging disease outbreaks often of epizootic characteristics are accompanied by high infectivity and mortality among birds, including domestic avian species. Therefore, the development of efficacious influenza vaccines against H5N1 HPAIV is of veterinary and public health significance. An important advantage of the subunit vaccines against HPAIVs is that their usage does not interfere with epidemiological surveillance, as the serological differentiation of naturally vaccinated animals/flocks from vaccinated ones is possible. The socalled DIVA (differentiation of infected from vaccinated animals) strategy is a prerequisite for vaccinations against avian influenza (Suarez, 2005) .
The obvious candidates for the production of subunit vaccines against influenza are the major surface glycoproteins of influenza viruses: hemagglutinin (HA) and neuraminidase (NA), since they induce a specific humoral immune response that provides immunity or recovery after the infection (McMurry et al, 2007) . Immunity induced by HA and NA varies considerably (Johansson et al., 1989; Sylte & Suarez, 2009 ) because of different roles they play in the life cycle of influenza viruses. By binding to sialic acid residues of host cell receptors, HA allows internalization of the influenza viruses by endocytosis, and then mediates the fusion of viral and cellular membranes leading to the release of viral RNA to the cytoplasm and virus replication (Skehel & Wiley, 2000) . NA is an enzyme that cleaves terminal sialic acid residues from the oligosaccharide chain which determines the release of progeny virus from infected cells and thereby the virus spread (Lamb & Choppin, 1983 ). Antibodies against HA generated both during infection and vaccination have the ability to neutralize influenza viruses (Wilson & Cox, 1990) . In contrast, anti-NA antibodies, referred to as infection permissive, do not prevent a viral infection and act at a later infection stage. Therefore, HA is considered as the main constituent of subunit vaccines, while NA as an additional component enhancing vaccine effectiveness (Johansson & Brett, 2007) . HA is also an immunodominant antigen in conventional vaccines against influenza (Sylte & Suarez, 2009) .
Hemagglutinin is synthesized as a single polypeptide chain, the so-called precursor HA (HA0), containing a hydrophobic signal sequence, HA1 and HA2 subunits separated by the cleavage site for proteolytic enzymes (Wilson & Cox, 1990) . The apolar region of the HA2 subunit adjacent to the cleavage site is referred to as a fusion peptide (Skehel et al., 2001) . HA is classified as an integral membrane protein with a large hydrophilic domain on the external surface of the membrane, a small hydrophobic transmembrane domain, and a hydrophilic cytoplasmic domain on the internal side of the membrane . The transmembrane and cytoplasmic domains are formed by C-terminal fragments of the HA2 subunit. Posttranslationally, HA undergoes host-cell dependent glycosylation and is cleaved to subunits connected by a disulfide bridge. Cleavage of HA0 is a prerequisite for protein activation, which determines infectivity of influenza viruses (Skehel & Wiley, 2000) .
Up to date, crystal structures of several HAs have been solved. All of them share a similar three-dimensional structure. The protein consists of a globular domain formed by the HA1 subunit and the stem domain formed largely by the HA2 subunit, but also by amino acid sequences from the N-and C-termini of the HA1 subunit Ha et al., 2002) . The globular domain of HA contains the receptorbinding subdomain, by which the virus binds to the host cell, while the fusion of viral and endosomal membranes is mediated by the stem domain Skehel & Wiley, 2000) . The HA2 subunit of the stem is responsible for the formation and stability of the HA homotrimer and its anchorage in the lipid envelope of influenza viruses . Cleavage of HA results in structural rearrangements (Chen et al., 1998) such as upon reduction of the pH in the endosome to ~5, the protein adopts a fusogenic conformation in which the fusion peptide is exposed, binds to the endosomal membrane and fusion takes place (Skehel & Wiley, 2000) .
The globular domain of HA comprises epitopes, which are targeted by antibodies neutralizing virus infectivity by interference with binding of viruses to the host cell receptors Bizebard et al., 1995; Fleury et al., 1999) . Antibodies to the stem domain are able to neutralize the virus infectivity by blocking membrane fusion (Okuno et al., 1993; Ekiert et al., 2009; Sui et al., 2009) . Antibodies against the HA1 subunit crosslinking globular domains of the HA trimer could also have the ability to prevent membrane fusion (BarbeyMartin et al., 2002) . Due to the variability and susceptibility to mutations (Shih et al., 2007) , the globular domain is considered as an immunogenic HA fragment for subtype-specific vaccine production. In contrast, the stem region is relatively well conserved among different HA subtypes (Krystal et al., 1982) , and therefore is seen as the target for the universal vaccine development (Pica & Palese, 2013) .
CHALLENGES OF BACTERIAL HEMAGGLUTININ PRODUCTION
The first research on HA protein expression in bacterial cells (the bacterial HA) was undertaken in the early 1980's. Attempts to obtain direct expression of HA proteins failed because of the protein instability in bacterial cells similar to that observed for other complex heterologous proteins expressed bacterially at that time (Davis et al., 1981) . For efficient expression, the fragments of influenza virus HA were produced in fusion with bacterial proteins: β-galactosidase (Davis et al., 1981) or trpLE' (Davis et al., 1983) . Studies on the antigenicity and immunogenicity of the obtained bacterial HA showed that the protein structures are quite different from those displayed by the native protein (Davis et al., 1981; Nayak et al., 1985) . At the same time, recombinant HAs (rHAs) with biological and structural characteristics similar to native viral HA were obtained in the eukaryotic (animal cell cultures, yeast) expression systems (Nayak et al., 1985) .
The potential difficulties of efficient production of properly folded bacterial HA, such as the presence of three hydrophobic regions (signal sequence, fusion peptide, transmembrane domain) and lack of glycosylation, were already seen at the first attempts to obtain the antigen by direct expression in prokaryotic cells (Davis et al., 1981; Nayak et al., 1985) . In bacteria, large hydrophobic regions of proteins are recognized as misfolded and undergo degradation (Baneyx & Mujacic, 2004) , and this limits or prevents bacterial expression of transmembrane proteins. Besides, such proteins are usually lethal when expressed in bacterial strains commonly used in the production of biopharmaceuticals. Although the strains of bacteria intended for the production of transmembrane proteins are currently available (Miroux & Walker, 1996; Dumon-Seignovert et al., 2004) , hydrophobicity will always decrease expression levels. On the other hand, experience with HA expression in mammalian, insect and yeast cells suggests that soluble HA proteins based on the ectodomain of viral HA can be valuable immunogens (Saelens et al., 1999; Wei et al., 2008; Bosch et al., 2010; Cornelissen et al., 2010; Weldon et al., 2010; Loeffen et al., 2011) .
Glycosylation is known to play an important role in HA folding during viral multiplication in host cells (Roberts et al., 1993) . For this reason, the widely accepted view over the years was that HA glycosylation determines the correct structure of the protein, and the lack of glycosylation is the cause of failures in obtaining valuable vaccine antigens with the bacterial expression system (Davis et al., 1983; Nayak et al., 1985) . On the other hand, it is known that oligosaccharides attached to viral HA can modulate protein antigenicity by epitope masking and interfering with their recognition by the respective antibodies (Skehel et al., 1984; Wiley & Skehel, 1987) . More recently, experimental data concerning the impact of glycosylation status on conformation, host cell receptor binding activity, antigenicity, immunogenicity, and efficacy of the HA proteins have been published (Bright et al., 2003; Wang et al., 2009; de Vries et al., 2012) . Altogether these data justify the view that the removal of structurally nonessential glycans on viral surface glycoproteins (Wang et al., 2009) , or avoiding glycosylation (Xuan et al., 2011) may constitute effective approach for vaccine design against influenza. The vaccine strategy relying on nonglycosylated HA protein has been accomplished with bacterially produced antigens. However, it should be noted that obtaining glycosylated proteins by overexpression in bacteria is possible owing to the discovery of the N-glycosylation system in Campylobacter jejuni (Wacker et al., 2002) . Indeed, glycosylation of HA1 subunit of H1 HA in recombinant E. coli containing the glycosylation system of C. jejuni has been confirmed (Farahmand et al., 2012) .
The main challenge of bacterial HA production is the development of a refolding method, which would allow to obtain the antigen similar to viral HA even though the HA protein can be efficiently produced in bacteria cells as a nonglycosylated protein, in addi-tion devoid of the regions (signal sequence, anchoring peptide) participating in the formation of higher-order structures of HA protein during its biosynthesis in host cells . The efforts to preserve the native structure of the vaccine HA are reasonable as most epitopes targeted by neutralizing antibodies are conformational ones . Moreover, results from studies on rHAs from eukaryotic expression system indicate that, in addition to a proper conformation of the HA monomer, the oligomerization status of HA antigen has a significant influence on the level and the quality of the immune response (Wei et al., 2008; Weldon et al., 2010) . The conclusion is that the trimeric/oligomeric antigens are undoubtedly more immunogenic than monomeric ones, but the oligomerization may also impact on the repertoire of induced antibodies (Wilson & Cox, 1990; Wei et al., 2008; Weldon et al., 2010) . In order to obtain the soluble HA proteins forming desired stable oligomeric structures, ectodomain-based antigens produced in mammalian or insect cells have been expressed together with intentionally added foreign trimerizing sequences (Wei et al., 2008; Bosch et al., 2009; Weldon et al., 2010; Loeffen et al., 2011) .
BACTERIAL HEMAGGLUTININS
The increasing data on three-dimensional structures of various-origin HAs in conjunction with the possibilities afforded by in silico modeling as well as the development of protein bioengineering and biotechnology have opened up new opportunities for the design of HA proteins to be expressed in bacterial cells. The currently ongoing research is focused on HA1 subunit-, HA2 subunit-and ectodomain-based bacterial HAs. Proteins containing the HA1 subunit or its fragment are intended to provide immunity against influenza viruses of a specified subtype. Despite of the presence of conservative neutralizing epitopes in the HA2 subunit (Okuno et al., 1993; Ekiert et al., 2009; Sui et al., 2009) , the longer HA immunogens can also be classified as the subtype-specific, because the globular domain inhibits immune recognition of HA stem region presumably through masking or due to immunodominance (Steel et al., 2010) . As highly variable antigenic sites of the HA1 subunit are immunodominant, the problem to provide cross-protection even against related influenza virus strains by vaccination with HA-based vaccines has also been encountered. Attempts to provide intra-subtype cross-protection with Dukhovlinov et al., 2013 Legend to Table 1 : < > purified by electroelution from SDS/PAGE gels, at least partially denatured; *properly folded monomers; **largely trimers/ oligomers from properly folded monomers; ***more stable oligomers; / / refolding efficiency and biochemical properties not satisfactory. V. Sączyńska HA1 subunit containing immunogens focus on both the antigen design and adjuvants. Data from studies on immunogenicity of different glycosylation forms of HA proteins indicated that the glycosylation state does not seem to significantly affect the breadth of cross-protection (Bright et al., 2003; Wang et al., 2009; de Vries et al., 2012) . The possibility to elicit broader protection by the development of effective vaccine composition was demonstrated with MF59 adjuvant applied to inactivated-H5N1 vaccines (Khurana et al., 2010a) .
A quite new approach to obtaining a vaccine which would provide intra-or even inter-subtype protection is engineering the antigen that could focus the immune response to the aforementioned neutralizing epitopes in the HA2 subunit (Okuno et al., 1993; Ekiert et al., 2009; Sui et al., 2009) . For this purpose, the cross-reactive HA2 determinants are being unmasked by removal of the immunodominant globular domain from HA proteins, resulting in expression of so-called stalk or stem domainbased immunogens (Steel et al., 2010; Bommakanti et al., 2010; . On the other hand, universal influenza vaccines based on a single or a few conservative epitopes of influenza virus proteins, including HA and produced as proteins consisting of repeated sequences of selected epitopes have also been obtained by expression in bacterial cells (Li et al., 2003; Rudolph & Ben Yedidia, 2011; Atsmon et al., 2012) . The epitope-based vaccines are beyond the scope of this review.
Design
The bacterially produced HA proteins based on the HA1 subunit, expressed separately or as a component of conjugate vaccines as well as those based on the ectodomain and the HA2 subunit of HA are listed in the Tables 1-4 together with the virus strains from which the HA sequences were derived. The fragment of H5 HA containing the signal sequence and the HA1 subunit expressed with (Chiu et al., 2009) or without (Shen et al., 2008) basic amino acids of the cleavage site were produced by overexpression in E. coli. The shorter fragments of the HA1 subunit containing the globular domain, expressed in bacteria with the signal sequences, were obtained by Khurana and coworkers (2010b; 2011a; 2011b) and Verma and coworkers (2012) . The vaccine project was inspired by results showing that large fragments of the HA1 subunit encompassing the receptor-binding subdomain are bound by broadly neutralizing human monoclonal antibodies (Mabs) from H5N1 recovered individuals, and by polyclonal convalescent sera (Khurana et al., 2009) .
Other designs of subtype-specific vaccines against influenza were based on the assumptions that the isolated globular domain comprises all well-defined antibody-recognizing sites (Xuan et al., 2011) , and is able to better expose the receptor-binding region of HA than subunit HA1 or ectodomain (Jeon & Arnon, 2002) and furthermore, has much less surface hydrophobicity than the entire HA ectodomain, so it could be expressed with higher efficiency than larger protein fragments (Aguilar-Yáñez et al., 2010) . To obtain a more universal immunogen, the HA1 subunit fragment containing immunogenic epitopes of various HA subtypes was produced (Dukhovlinov et al., 2013) .
The first group of conjugate vaccines against influenza produced by overexpression in bacterial cells, listed in Table 2 , consists of fusion proteins containing the type 2 flagellin from Salmonella typhimurium (STF2), which is the ligand of Toll-like Receptor (TLR) type 5. It was hypothesized that providing the antigen and TLR5 signaling to the same antigen presenting cells (APCs) would lead to enhancement of antigen presentation as well as to the induction of both humoral and cellular responses (Liu et al., 2011) . For this purpose, three various-length fragments comprising the globular domain were produced. Thereafter, two of them were fused to the C-terminus of STF2 by a flexible linker (Song et al., 2008) . Subsequently, the other formats of conjugated vaccines, denoted R0, R3, R3.2×HA, which differed in the number of copies and the placement of HA molecules in the fusion proteins, were developed (Song et al., 2009; Liu et al., 2011 .
Conjugate vaccines of another group (Table 2) were generated by coupling of bacterial HAs to Qβ-VLPs i.e. bacterially expressed virus-like particles derived from bacteriophage Qβ Skibinski et al., 2013) . The fragments of the HA1 subunit were chosen for conjugation as they contain the globular domain (gH) comprising most of the protein's neutralizing epitopes, and are expected to fold independently from the rest of the HA molecule . It was hypothesized that conjugation of gH protein to Qβ-VLPs would enhance its immunogenicity and efficacy through a number of mechanisms (Skibinski et al., 2013) . Presentation of gH proteins on the surface of VLPs in a repetitive fashion might be a strong activation signal for B cells, and the particulate nature of VLPs makes them likely to be more efficiently taken up by APCs. In addition, the bacterial single stranded RNA (ssRNA), which is incorporated into VLPs during recombinant expression, is a ligand of TLR type 7. Thus, it could activate APCs and B cells upon VLP uptake. Eleven gH proteins containing four (group A), two (group B) or one (group C) disulfide bridge(s) per molecule, and comprising intact secondary structure elements were rationally designed and produced . Proteins from the A and B groups were subsequently coupled in vitro to Qβ-VLPs to form various Qβ-gH proteins. The HA fragment was also used to design the composite vaccine against both influenza and respiratory syncytial viruses (Park & Chang, 2012) . Although the vast majority of bacterially produced antigens are based on the HA1 subunit, there are also reports on bacterial expression of the proteins containing sequences from HA1 and HA2 subunits of HA (Table 3) . Thereby, the resultant immunogens comprise neutralizing epitopes of both HA subunits. The 1-480 aa fragment of the H1pdm09 HA ectodomain, expressed with the signal sequence (Khurana et al., 2010b) as well as full-length ectodomain of H5 HA (Biesova et al., 2009) were produced. Based on the sequences of HA from H5N1 HPAIVs, the 63 kDa immunogen (Horthongkham et al., 2007) as well as soluble 97 kDA fusion protein of HA fragment with a chaperonin msyB (Xie et al., 2009) were obtained.
Bacterial expression of HA2 subunit-based proteins (Table 4) for vaccination purposes was reported exceptionally, and the rationale was to obtain the immunogen comprising conservative neutralizing epitopes. Variouslength proteins containing exclusively HA2 subunit sequences from the HA ectodomain were bacterially produced (Chen et al., 1995; Shen et al., 2008; Kim et al., 2011) . Alternatively, Bommakanti et al. (2010 Bommakanti et al. ( , 2012 rationally designed the stem domain immunogens containing a large portion of the HA2 subunit, and two fragments of HA1 subunit considered to be interacting with HA2 regions in the whole HA molecule. The project resulted in the expression of the prototype constructs, denoted HA6 and HA0HA6.
Refolding and purification
The vast majority of bacterially produced HA proteins, listed in Tables 1-4 , were expressed with affinity 6xHis-tags as insoluble aggregates called inclusion bodies. Besides purification, obtaining of the vaccine with such a form of HA requires the protein to be dissolved and refolded. Experimental data were published indicating that the majority, but not all of refolded and purified bacterial HAs, adopt the correct conformation. With various procedures aiming to obtain recombinant HA1 subunit (Table 1) , it was shown that the effectiveness of protein refolding strongly depends on the applied method (Chiu et al., 2009 ). In the case of rHAs largely consisting of the globular domain (Tables: 1, 2) , it has been proven that the refolding effectiveness and/or its efficiency substantially depends on the HA fragment which has been selected for the vaccine antigen design (Song et al., 2008; Xuan et al., 2011; Jegerlehner et al., 2013) . Moreover, these results highlighted the role of the secondary structure elements flanking the globular domain (Song et al., 2008) as well as of the disulfide bond formation for proper folding of the isolated globular domain. It was also shown that some of the globular domain-based proteins (Tables: 1, 2) are able to adopt the proper conformation when they were expressed separately, in a fusion with flagellin (Song et al., 2008) as well as a monomeric or dimeric protein connected by a flexible linker (Sánchez-Arreola et al., 2013) .
The structure and/or antigenicity studies showed that some of HA1 subunit-based bacterial HAs, listed in Tables: 1, 2, as well as the 1-480 aa fragment of HA ectodomain (Table 3 ) display well preserved conformational neutralizing epitopes essential for the induction of the protective immune responses (Song et al., 2008; Chiu et al., 2009; Aguilar-Yáñez et al., 2010; Khurana et al., 2010b; 2011b; DuBois et al., 2011; Xuan et al., 2011; Verma et al., 2012; Hong et al., 2013; Sánchez-Arreola et al., 2013) . Comparative studies on antigenicity and TLR5 activity of STF2.H5, STF2R0.H5, STF2R3.H5 fusion proteins (Table 2) showed that both HA protein and flagellin are better presented in the R3 construct than in the C-term one and that decreased antigenicity of the R0 construct is accompanied by the loss of the TLR5 Legend to Table 4 : < > purified by electroelution from SDS-PAGE gels, at least partially denatured; 1 full-length HA numbering; x low pH, fusogenic conformation; ○ trimeric; 2 HA2 fragment -linker -1 st peptide from HA1 (N-termini) -linker -2 nd peptide from HA1 (C-termini); M mutations introduced to remove exposed hydrophobic patches and stabilize the neutral pH conformation; WT wild-type; + neutral pH, pre-fusion conformation; m1 disulfide mutant 1; m2 disulfide mutant 2; m3, m4 additional, sequence related mutations; 3 1 st peptide from HA1 (N-termini) -linker -2 nd peptide from HA1 (C-termini) -HA2 fragment, mutation in the cleavage site; • largely aggregated.
activity (Song et al., 2009) . Substantially improved antigenicity of HA protein in the R3 configuration in comparison to the C-term one was also observed in the immunoreactivity studies of STF2:H1pdm09 fusion protein (Liu et al., 2011) . However, the strongest immunoreactivity was found for the R3.2×H1pdm09 construct as two HA copies were present in the fusion protein molecule. Screening of the prototype gH constructs (Table 2) produced to be coupled with Qβ-VLPs revealed that gH_A and gH_B proteins bind to the sialic acid on the fetuin glycoproteins indicating that receptor-binding activity of HA was preserved . Taking into account the importance of higher-order structure of the vaccine HAs for induction of protective immune responses, the oligomeric status of bacteria-expressed HA proteins was studied in addition to antigenicity testing. It was reported that refolded and purified HA1 subunit fragments (1-330 aa, 1-320 aa) of HAs from H1N1pdm09 and H5N1 viruses (Table  1) , in contrast to the shorter H5 HA fragment (28-320 aa), existed in the majority as trimers and oligomers (Khurana et al., 2010b; 2011a; 2011b; Verma et al., 2012) . It has been shown that oligomerization of the HA proteins involves conservative amino acids of the signal sequence and that the 1-320 aa fragments of HAs form more stable oligomers than the 1-330 aa ones. The HA1 subunit-based design was used successfully to obtain properly folded HA proteins from H1pdm09, H5, H7 and H3 HAs (Table 1 ). All these proteins were shown to form functional oligomers (≥ 70%) which generate rosette-like structures composed of trimers resembling those formed by the native HA isolated from the influenza viruses. The refolded and purified HA1 subunit-based proteins, shorter than that generated by Khurana and coworkers (2010b Khurana and coworkers ( , 2011a Khurana and coworkers ( , 2011b and Verma and coworkers (2012) , and expressed bacterially without the signal sequence (Table 1) , did not form oligomers and existed as monomers containing the properly folded globular domain of HA (Aguilar-Yáñez et al., 2010; DuBois et al., 2011; Xuan et al. 2011) , or as dimers due to the linker peptide (Sánchez-Arreola et al., 2013) . In spite of the presence of the signal sequence, the properly folded ectodomain-based HA protein (1-480 aa, Table  3 ) was monomeric and did not display oligomeric HA activities, such as binding to fetuin and hemagglutination (Khurana et al., 2010b) . On the other hand, it was shown that properly folded gH proteins induce agglutination of erythrocytes with comparable efficiency to influenza viral particles upon coupling to Qβ-VLPs .
It was reported that bacterially expressed HA2 subunit-based proteins (Table 4) , containing sequences exclusively from the HA2 subunit ectodomain, spontaneously fold into the low pH conformation and trimerize forming stable structures corresponding to that of the native HA in its fusogenic state (Chen et al., 1995; Kim et al., 2011) . By introducing the regions of the HA1 subunit that are in close spatial proximity to the HA2 subunit in the whole HA molecule as well as the rationally designed mutations to the HA2 subunit-based proteins (Table 4) , it was possible to obtain soluble immunogens containing the HA2 subunit fragment in the desired neutral pH, pre-fusion conformation (Bommakanti et al., 2010 (Bommakanti et al., , 2012 . This was evidenced by spectroscopic analysis and reactivity studies with broadly neutralizing Mabs. Moreover, it was shown that HA6 design is better than the HA0HA6 one, as the former is trimeric in the majority and the latter is largely aggregated.
Immunogenicity
Immunization studies showed that bacterial HAs are immunogenic and in animals they elicit HA-specific antibodies. However, more relevant to the evaluation of the protective efficacy of HA proteins are their abilities to induce functional antibodies: inhibiting hemagglutination and neutralizing influenza viruses. Titers of these antibodies measured by the hemagglutination inhibition (HI) and the microneutralization (MN) tests are considered as correlates of protection against influenza. It was demonstrated that proteins based on the HA1 subunit (Table 1) as well as the fragment (1-480 aa) of the HA ectodomain (Table 3) , for which conformational integrity was proven by structure and/or antigenicity studies, are capable of inducing antibodies inhibiting hemagglutination by homologous viruses and/or neutralizing these viruses under in vitro conditions (Aguilar-Yáñez et al. 2010; Khurana et al. 2010b; 2011a; 2011b; Xuan et al., 2011; Verma et al., 2012) . The HI antibody-inducing ability was also shown for recombinant 60 kDA full-length ectodomain protein (Table 3) with not yet demonstrated biochemical properties (Biesova et al., 2009) .
In immunization studies with the 1-320 aa fragment of H5 HA (Table 1) , it was shown that anti-H5 sera are neutralizing not only against the virus from which the vaccine antigen was derived, but also against viruses belonging to other H5N1 HPAIV clades (Khurana et al., 2011a; 2011b) . Comparative studies of antisera induced by vaccination with oligomeric (1-320 aa) and monomeric (28-320 aa) H5 HA proteins (Table 1 ) have documented that induction of high-titer antibodies with broad cross-clade neutralizing activity is related to antigen oligomerization (Khurana et al., 2011b) . The significance of oligomerization for immune response quality was further confirmed in vaccination trials with the monomeric and oligomeric forms of the 1-320 aa H5 HA protein (Table 1) obtained by size exclusion chromatography of refolded and affinity purified bacteria-expressed antigen (Verma et al., 2012) . Oligomeric protein was superior to the monomeric one in eliciting high-avidity anti-HA and HI antibodies against both the homologous and the heterologous antigens.
The early studies on immunogenicity of flagellin adjuvanted HA proteins carried out with STF2.H1_SI protein (Table 2) to immunize mice and rabbits, showed the ability of the protein to induce high titers of antibodies inhibiting hemagglutination and neutralizing viruses in vitro (Song et al., 2008) . Subsequent experiments with various constructs of STF2:HA fusion proteins ( Table 2 ) have proven that placement of the globular domain within flagellin substantially affects the titer of HI antibodies induced by the respective antigens (Song et al., 2009; Liu et al., 2011ł 2012 . Protein in the R0 configuration, as the exception, was not capable of inducing significant levels of HI antibodies in mice consistently with its low TLR5 activity. Vaccine candidates against H5N1 and H1N1pdm09 viruses in the R3 configuration were more effective in inducing protective HI antibody titers in animals than those in the C-term one. Immunogenicity of STF2R3.H5_IN and STF2R3.H1_CA antigens, but not of STF2R3.H5_AN protein, was further increased by coupling the second HA molecule to the C-terminus of STF2.
Immunogenicity of gH proteins (Table 2) were examined both before and after coupling to Qβ-VLPs Skibinski et al., 2013) . The vaccine candidates when used to immunize mice evoked significantly higher native HA-specific IgG, HI and neutraliz-ing antibody titers than their unconjugated counterparts. Immunization studies with Qβ-gH VLPs containing or devoid of ssRNA in the mouse model showed that Qβ-based vaccines induce a potent T helper cell type 1 (Th1) response and that the presence of ssRNA in Qβ-VLPs is responsible for an increased Th1 bias (Skibinski et al., 2013) .
Efficacy
The ability of bacteria-expressed H1pdm09 HA immunogens to confer protection against 2009 pandemic influenza was studied in the ferret (Aguilar-Yáñez et al., 2010; Khurana et al., 2010b; Skibinski et al., 2013) and in the mouse (Xuan et al., 2011; Skibinski et al., 2013) models by challenging the vaccinated animals with homologous H1N1pdm09 virus strains which are relatively mild, and thus did not cause severe disease in animals. It was shown that immunization with proteins based on the HA1 subunit (1-330 aa, 57-264 aa, 63-286 aa; Table 1), HA ectodomain (1-480 aa; Table 3 ) as well as with Qβ-gH1pdm09 VLPs (Table 2) induce protective immune responses against influenza in mice and ferrets (Aguilar-Yáñez et al., 2010; Khurana et al., 2010b; Xuan et al., 2011; Skibinski et al., 2013) . Protective effects of vaccination were evident in that the animals did not get sick from flu or the course of the disease was milder than in unvaccinated controls.
Various formats of STF2:H1pdm09 fusion proteins (Table 2) were examined for vaccination efficacy in the lethal challenge experiment with the mouse adapted H1N1pdm09 virus (Liu et al., 2011) . All tested fusion proteins conferred protection against mortality when given to mice at 3 μg and even at as little as 0.3 μg of antigen per dose. However, survival rates in the mice vaccinated at 0.03 μg-doses showed consistently with the predetermined immunogenicity rank that the order of the relative effectiveness of the three formats is: R3.2×H1 > R3 > C-term.
In most of the challenge experiments testing bacterial H1pdm09 HAs the viral loads in the nasal lavages of ferrets (Khurana et al., 2010b; Skibinski et al., 2013) , or in the lungs of mice (Liu et al., 2011; Skibinski et al., 2013) following H1N1pdm09 virus challenge were determined. This led to the conclusion that vaccination leads to substantial reduction of viral titers in both ferrets and mice. Altogether these results demonstrated that vaccination with bacterially expressed vaccine HA could provide control of influenza virus infection and transmission rates in a population under pandemic conditions. The HA1 subunit-based bacterial HAs originated from H5N1/VN virus (Table 1) : largely oligomeric, 1-320 aa, only monomeric, 28-320 aa, (Khurana et al., 2011b) as well as oligomeric and monomeric fractions of the 1-320 aa protein (Verma et al., 2012) were used to immunize ferrets prior to the challenge with homologous (H5N1/ VN, clade 1) and/or heterologous (H5N1/WS/Mong, clade 2.2) HPAIVs. Ferrets vaccinated with largely oligomeric rHA were highly protected from lethality against homologous and heterologous challenges, resulting in 100% and 80% survival rates, respectively, while those vaccinated with the oligomeric fraction of rHA were fully protected from both strains of HP H5N1 viruses (100% survival rates). The level of animal protection after immunization with entirely oligomeric rHA was the same as observed in the groups vaccinated with the adjuvanted licensed inactivated-H5N1 subunit vaccine. In contrast, both the 28-320 aa rHA which exists as a monomer and the monomeric fraction of the 1-320 aa protein were not very protective: only 20% and 33% of animals survived after a homologous challenge, respectively. As few as 17% of animals vaccinated with the monomeric immunogen (1-320 aa) survived after a heterologous challenge. In addition, the challenge experiments revealed that immunization of ferrets with largely or entirely oligomeric rHA (1-320 aa) reduced viral loads in the nasal washes following a challenge with H5N1 HPAIVs. Moreover, viral loads after a heterologous H5N1 challenge were more efficiently controlled in ferrets vaccinated with oligomeric fraction of rHA (1-320 aa) than in ferrets vaccinated with the commercial vaccine against H5N1, and this was related to the induction of higher-avidity antibodies against the HA1 subunit. Therefore, the success of vaccination with oligomeric forms of HA proteins is also due to the capacity to reduce viral replication in the upper respiratory tract. This is important for the prevention of lung infection as well as for the limiting virus transmission.
Four formats (C-term, R0, R3, R3.2×HA) of STF2:H5 fusion proteins (Table 2) were examined for efficacy by the lethal homologous challenge experiments in the mouse and/or ferret models (Song et al., 2009; Liu et al., 2012) . The protein in R0 configuration failed to induce the protective immune response in mice (0 or 10% survival rates). In contrast, STF2:H5 fusion protein formats other than R0 were highly efficacious in mice and ferrets, resulting in 100% (exceptionally 93%) survival rates for certain immunization schemes. However, immunization of mice at lower-dosage regimens demonstrated that the R3 format of protein is more effective in protecting mice from disease and death than the prototype C-term one and that the protein in the R3.2×HA configuration is the most effective, being efficacious even at sub-microgram doses. Importantly, it was shown that STF2:H5 fusion proteins are able to reduce the virus titers in the brains, lungs and nasal wash samples of vaccinated and challenged mice and ferrets, respectively, which could predictably reduce viral transmission.
The challenge experiments with bacterially produced H5 HA immunogens were also performed in chickens, being the main target for vaccination against H5N1 HPAIV. In the high-dose regimen, full protection was achieved with the 97 kDA msyB:H5 protein ( Table 3 ) similar to that obtained with a commercial vaccine against H5N1 HP viruses (Xie et al., 2009) . The ability to induce a protective immune response in chickens resulting in high rates of survival in challenge experiments with homologous and heterologous HPAIVs, was shown with bacterial H5 HA designed and produced in the Institute of Biotechnology and Antibiotics (Warsaw, Poland) . Currently, the HA protein and the vaccine against influenza are subject to the patent procedure.
Several vaccine candidates based on the H1 and H3 rHAs were examined for efficacy by homologous and/ or heterologous challenge experiments with the use of H1N1/PR8 or H3N2 viruses for animal infection. The early STF2:HA immunogen in the C-term configuration -STF2.H1_PR8 (Table 2 ) was administered to mice subsequently infected with the mouse adapted H1N1/PR8 virus (Song et al., 2008) . All vaccinated animals survived the lethal challenge and showed neither weight loss nor other signs of morbidity.
Type A and B gH proteins (Table 2) were examined in challenge experiments before and after coupling to Qβ-VLPs . Mice immunized with gH1_B_PR8 proteins quickly succumbed to H1N1/PR8 virus infection, and those immunized with gH1_A_PR8 and gH1_A_CA were only partially protected. In con-trast, all mice immunized with gH proteins conjugated to QB-VLPs at the same dosage regimen survived after infection with challenging viruses. Importantly, immunization of mice with the most promising prototype influenza vaccines: QB-gH_A1_PR8 and QB-gH_A2_PR8 resulted in complete protection against lethal infection not only with the homologous, but also with highly drifted viral strains. The broad protective potential of candidate vaccines based on Qβ-gH VLPs was further strongly confirmed with Qβ-gH1_A_CA protein applied for mouse vaccination before infection with H1N1/PR8 virus. Moreover, it was shown that protection from mortality and largely from morbidity against both homologous and heterologous influenza virus strains can be achieved with low, even sub-microgram doses of antigen.
The HA6-or HA0HA6-like stem domain immunogens based on the HA sequences of various H1N1, H1N1pdm09 and H3N2 influenza virus strains (Table  4) successfully protected mice from homologous viral challenge, resulting in 100% survival rates at certain dosage regimens. High survival rates were also observed in mice immunized with H3HA6_Phil protein and infected with heterologous A/HK/68(H3N2) virus (80%) as well as those immunized with H1HA6_NC and H1HA6_CA proteins, and infected with highly drifted H1N1/PR8 viral strain (90%). However, H3HA6_HK failed to confer protection against a heterosubtype H1N1/PR8 influenza virus. These results led to the conclusion that stem domain immunogens are able to provide intra-but not inter-subtype protection.
Clinical studies
VaxInnate has already generated clinical data for its bacterially produced influenza vaccines based on proprietary Toll-like Receptor technology. The first one was a monovalent seasonal vaccine (VAX125) containing H1N1/SI virus HA protein genetically fused to flagellin in the initial C-term configuration (Table 2) . With the VAX125, the seroconversion rates: 64% in healthy young adults (18-49 years old) at 0.5 μg to 2 μg doses and 75% in elderly subjects (65-84 years old) at 5 μg and 8 μg doses were achieved resulting in high seroprotection rates: 91% and 98%, respectively (Treanor et al. 2010; Taylor, et al. 2011) . Importantly, the vaccine was generally well tolerated, although a few instances of flulike symptoms at doses 3-8 μg were noticed. Altogether, these results showed that the new vaccine is safe and highly immunogenic even in the elderly population, a group that is typically less responsive to influenza vaccines. Moreover, the efficacious doses of VAX125 were substantially lower than those used for conventional vaccines against influenza e.g. Fluzone owing to the adjuvant activity of flagellin which, on the other hand, was also responsible for the improved immune response in the elderly.
STF2:H1pdm09 fusion proteins in C-term, R3 and R3.2×HA configurations contained in VAX128A, VAX128B and VAX128C, respectively (Table 2) , and were evaluated for safety and immunogenicity successively in rabbits and in humans (Taylor et al., 2012) . In both models, it was found that replacing the HA antigen in the D3 position of flagellin in VAX128B and VAX128C produces a vaccine that was at least as immunogenic and better tolerated at higher doses than the C-terminal fusion construct (VAX128A). VAX128C selected for the second study caused high seroconversion (79%) and seroprotection (92%) rates in subjects 18-64 years old at the doses of 1.25 μg and 2.5 μg.
High levels of immune responses at low doses of antigen, and the relative ease of the production associated with bacterial expression suggest that VaxInnate's technology can represent an effective strategy for enhancing the global influenza vaccine supply. VaxInnate announced that it can generate at least 50 million doses within 5-6 months, with first doses becoming available as soon as after 12 weeks. In both a rapidly emerging pandemic and in seasonal virus mismatch events, such speed is a distinct advantage. Currently, VaxInnate's active pandemic programs focus on H5N1 and H7N9 candidates and research on seasonal influenza vaccine is still continuing. In March 2014 VaxInnate began a phase I clinical trial to evaluate a quadrivalent recombinant vaccine for prevention of seasonal flu -VAX2012Q.
Another bacterially produced HA-based immunogen advanced into clinical study is the H1N1 influenza vaccine candidate based on Cytos' proprietary bacteriophage Qβ-VLP technology. Started in May 2013, the first phase I clinical trial was conducted by the Agency for Science, Technology and Research (A*Star) and Cytos Biotechnology. A*Star reported that the novel vaccine was safe, well tolerated and induced immune responses which were comparable to those of approved seasonal influenza vaccines.
CONCLUSIONS
The technology for producing large quantities of proteins in bacteria, including biopharmaceuticals, has been practiced for over two decades. Exploitation of this technology for the production of the HA-based vaccines against influenza seems to be hampered for a long time by the widely accepted view that glycosylation determines the correct structure of the protein. More recently, experimental data for both considerable independence of HA folding from the glycosylation status, and the successful production of bacterial HAs have been published. In contrast to full-length or ectodomain-based HAs produced in eukaryotic expression system, the vast majority of bacterially produced HA proteins have been based on the HA1 subunit and only a few examples of bacterial HAs based on the ectodomain or the HA2 subunit have been reported so far. The recombinant proteins, derived from the 2009 H1N1 pandemic, highly pathogenic H5N1, seasonal H1N1 and H3N2 as well as prototype H1N1/PR8 influenza viruses, have been efficiently expressed in the form of inclusion bodies.
The studies of refolded and purified HA proteins proved that bacterial HAs can be valuable vaccine antigens. Although devoid of the regions participating in the formation of higher-order structures of HA during its biosynthesis in host cells, bacterial HAs can adopt the conformation similar to that displayed by the native protein. In addition, some of these proteins were shown to form functional oligomers, what has a proven beneficial effect on both protective efficacy and dose sparing. Consistently with the biochemical characteristics, immunization studies clearly demonstrated the potential of the bacterially produced vaccine candidates to confer intra-subtype protection against influenza viruses, including highly drifted ones as well as to provide control of virus infection and transmission rates in animals. Moreover, clinical studies with vaccines based on proprietary Toll-like Receptor (VaxInnate) and bacteriophage Qβ-VLPs (Cytos Biotechnology) technologies generated positive data.
The data so far published indicate that the success in the bacterial production of the vaccine antigens strongly depends on the HA fragment chosen for expression as well as on the applied refolding method. For short fragments of HA, it was well documented that careful selection of the peptides from the protein sequence to be expressed with the target HA regions, such as the globular domain or the HA2 subunit, is prerequisite to obtain properly folded proteins with satisfactory efficiency. It was also shown, that the expression of specified-length fragments from HA1 subunit with the signal sequences, which are absent in the mature viral HAs, is essential for protein oligomerization. In some vaccine projects, one should consider the introduction of rationally designed mutations to obtain protein adopting the desired conformation, as it was evidenced for the stem domain immunogens. The determinations of the HA sequence for the antigen production in bacteria, especially those based on the short HA fragments, were often preceded by the analyses of the HA structure in silico. Experience with bacterial HAs shows that in silico modeling is helpful in the selection of protein sequences to be expressed bacterially, but does not guarantee success of the design. The value of refolded and purified rHAs needs to be verified through extensive studies of structure, the ability to bind to sialic acid-containing receptors, antigenicity, immunogenicity and finally efficacy in the challenge experiments and clinical trials. Once the HA protein is validated, the precise selection of the sequence from HA of various influenza A virus strains seems to be possible simply through structural alignment of the prototype HA fragment with the target HA proteins.
The vast majority of valuable, bacterially produced, vaccine antigens have been expressed with His-tags and purified by metal affinity chromatography, which is both expensive and poses the safety problem related to the presence of even trace amounts of metal in the final products. Thus, the development of appropriate purification procedures is needed to take advantage of bacterial cell expression technology for enhancing the supply in vaccines against influenza, especially for a pandemic. The research on subunit vaccines against influenza based on bacterial HAs is still continuing. The exemplification is the patent pending HA protein designed and bacterially produced in the Institute of Biotechnology and Antibiotics (Warsaw, Poland).
